Human dental enamel has a porous mesostructure at the nanometre to micrometre scales that affects its thermal and mechanical properties relevant to laser treatment. We exploit finite-element models to investigate the response of this mesostructured enamel to mid-infrared lasers (CO 2 at 10.6 µm and Er:YAG at 2.94 µm). Our models might easily be adapted to investigate ablation of other brittle composite materials. The studies clarify the role of pore water in ablation, and lead to an understanding of the different responses of enamel to CO 2 and Er:YAG lasers, even though enamel has very similar average properties at the two wavelengths. We are able to suggest effective operating parameters for dental laser ablation, which should aid the introduction of minimally-invasive laser dentistry. In particular, our results indicate that, if pulses of ≈10 µs are used, the CO 2 laser can ablate dental enamel without melting, and with minimal damage to the pulp of the tooth. Our results also suggest that pulses with 0.1-1 µs duration can induce high stress transients which may cause unwanted cracking.
Introduction
The realization that lasers could ablate dental hard tissue with precision has suggested new minimally-invasive methods to treat dental caries. Such methods would conserve healthy dental tissue, and the treated teeth would be stronger and more durable. However, the successful realization of such laser-based methods has proved slower than hoped. Some reasons are economic, like laser cost. But perhaps a more important reason has been the difficulty in choosing the right laser system and optimal operating parameters. The tooth itself 4 Previously at the University of Minho, Portugal. complicates that choice because it has a complex microstructure, in which the hard and soft components have different optical absorption and response, so that approaches going beyond simple continuum models are needed for optimization of operating parameters. Further, ablation depends in a highly nonlinear way on parameters such as wavelength, energy flux and pulse duration. Our paper addresses optimization, showing how our mesoscopic modelling methods might identify a suitable laser system and operating conditions to optimally ablate dental enamel.
Laser techniques have three substantial potential advantages over conventional cavity preparation. First, precise and small-scale removal of material is possible. The less tooth tissue removed, the less susceptible the tooth will be to subsequent mechanical damage. It should be possible to produce tunnels of diameter <0.5 mm through enamel and the underlying dentine in treating caries starting at occlusal pits and fissures. In such locations, the carious site lies beneath a layer of healthy enamel. Recent work has shown that the bacteria within the dentine may be killed by photochemical means using a photosensitizer activated by light of a specific wavelength introduced through the tunnel access (Williams et al 2004) . Secondly, minimal removal makes it easier to avoid reinfection. The small opening-a possible source of the infection-is readily sealed, thus providing mechanical support for the healthy enamel still covering the treated site. In particular, the exposed margin of the access cavity is much smaller than with conventional restorations, thus reducing the risks of marginal leakage and stress failure. This in turn will minimize the potential for bacteria and their by-products to reinfect the tooth. Avoidance of reinfection is extremely important: some 40% of all caries treatments are for reinfected sites, and each treatment makes tooth failure more probable (NHS Centre for Reviews and Dissemination 1999) . A third potential advantage, not discussed here, is the use of computer-controlled ablation with real-time diagnostics of the material removed, which should further enhance conservation of dental material.
Many lasers have been shown to ablate enamel. Lasers in the ultraviolet (UV), visible and infrared (IR) have been used, with pulse durations from femtoseconds to seconds. Analysing the key requirements for a good laser system suggested that the 2.94 µm Er:YAG and the 10.6 µm CO 2 lasers could be the most promising candidates for dental treatments. First, for clinical use, the dentists to whom we have spoken seek a relatively economical, easilyoperated laser for which there is an optical fibre delivery system. Femtosecond lasers do not meet these requirements, although they ablate enamel and dentine with precision and cause minimal thermal or mechanical damage (Kruger et al 1999 , Rode et al 2002 , Serafetinides et al 1996 , Neev et al 1996 . Secondly, if the laser is to be cost-effective, some dentists would like to use the laser for other standard treatments like soft tissue surgery. Thirdly, there are reports of thermal and mechanical damage and of side effects when using picosecond and nanosecond lasers. Even if such damage is avoidable, it is prudent to start with laser systems that seem to minimize these problems. Picosecond lasers have been tested, but enamel or dentine cracking has been observed (Lizarelli et al 1999 , Swift et al 2001 , Niemz 1998 . Lasers with nanosecond pulses may or may not induce significant thermal or mechanical damage, depending on the wavelength (Patel et al 1994 , Lee et al 2000 , Papagiakoumou et al 2004 , Dela Rosa et al 2004 . The most promising laser with nanosecond pulse duration has a wavelength of 193 nm which causes very little thermal and mechanical damage to teeth because the main mechanism of ablation has a photochemical nature. On the downside, this laser may cause cytotoxic effects, which preclude it from being used in living tissues such as dentine (WilderSmith et al 1997 , Ediger et al 1997 .
Overall, IR lasers with microsecond pulses, notably the 2.94 µm Er:YAG and the 10.6 µm CO 2 lasers, seem strong candidates, given their ablation performance, ease of operation, potential use in soft tissue procedures and cost. In fact, free-running Er:YAG lasers with pulse durations of tens or hundreds of microseconds are already available for dental ablation in the context of conventional dentistry. However, a review of the literature (Vila Verde 2005) shows a need to further optimize the CO 2 and Er:YAG laser operating parameters for most effective ablation of enamel and dentine in the context of minimally invasive dentistry. The thermo-mechanical ablation mechanisms induced by these lasers imply that pulse duration and intensity should be carefully regulated so ablation is achieved while carbonization, melting, excessive heating of underlying living tissue or extensive cracking are avoided.
Our paper builds on our previous results and models in investigating the thermomechanical response of healthy enamel to CO 2 or Er:YAG laser pulses, with the aim of giving initial guidance as to promising choices of lasers and operating parameters. We concentrate on healthy enamel because a survey of ablation of dental hard tissue indicates that the harder, more brittle, enamel, with its lower ablation rate, poses larger problems than does the porous, less mineralized carious enamel or the softer, less brittle, dentine. The average absorption coefficient in healthy enamel at both 2.94 µm and 10.6 µm is around 800 cm −1 (Zuerlein et al 1999b , Fried et al 1998b , while reflectivity and scattering are low but similar. (Fried et al 1996 (Fried et al , 1997 . This might suggest that lasers operating at 2.94 µm and at 10.6 µm would elicit a similar response in enamel. That is not so. Enamel consists predominantly of water and hydroxyapatite. At 2.94 µm, hydroxyapatite and water absorb very differently from each other, but at 10.6 µm they have similar absorption coefficients. Our initial preliminary studies (Vila Verde et al 2003 , Vila Verde and Ramos 2005b indicate that these differences have a significant effect on ablation behaviour. The inhomogeneous distribution of hydroxyapatite and water in enamel involves mesostructure at the nm and µm scales. Any model aiming at explaining the observed differences in the response of enamel to these lasers must include this underlying mesostructure explicitly. Such mesostructure has wide-ranging effects on materials properties (Stoneham and Harding 2003) , and its importance in ceramic ablation has been discussed previously (Stoneham et al 1999) . Our present analysis explicitly discusses this mesostructure, such as the nanometre-scale pores and a small number of much larger, micrometre-sized regions rich in water and organic material (Batina et al 2004 , Ten Cate 1998 , Dibdin and Poole 1982 . Our models therefore allow us to make predictions as to the laser parameters which are likely to perform best in enamel ablation.
Model description

The physical model
We shall focus on two models addressing mesostructural issues, namely the small water-pore model and the big water-pore model, each describing one closed pore containing water and surrounded by hydroxyapatite. In both cases, we shall consider a central region in detail, this central region being embedded in a way that recognizes the main mechanical and thermal boundary conditions. With these model systems, we assess the role of pores, and of variations in pore size, on the outcome of ablation by CO 2 and Er:YAG lasers. The models capture the main features of enamel mesostructure.
Enamel consists mainly of hydroxyapatite, HA (about 95% by weight), with small amounts of water (4% w/w) and organic material (1% w/w), mostly located in pores. At the micron scale, enamel is composed of rods with their long-axis roughly perpendicular to the surface of the tooth. The boundaries of each rod (the rod sheath) are known to be richer in water pores. While the pore volume and surface distributions in human dental enamel are not known accurately, evidence suggests that most pores have a characteristic length of order of 10 to 100 nm. A small minority of macropores will be significantly bigger, as mentioned previously (Batina et al 2004 , Ten Cate 1998 , and may be associated with hypoplastic enamel, enamel tufts and spindles. The characteristic mineral concentration and porosity both vary from tooth to tooth, and even according to location in a particular tooth (Wong et al 2004 , Kodaka et al 1991 . Such variations will affect the outcome of ablation (Apel et al 2002a) . The pore connectivity is unknown but, since the pore volume fraction in enamel is small (Dibdin 1993) , it seems reasonable to assume that connectivity is low. Consequently, the influence of water pores in the response of healthy enamel to radiation can be evaluated by modelling a single, closed pore as done in this work. Such an approximation might not be valid in the modelling of carious enamel, which has higher porosity and lower mineral content. Our present results relate solely to ablation of healthy enamel. The effect of the laser in the material was reproduced by simply simulating a heat source. This is a good approximation because the laser beam energy can be assumed to convert into thermal energy of the material in a much faster timescale than the laser pulse duration. Thus the dominant parameter governing the response of the tissue to radiation is temperature, and one needs to solve equations that describe the evolution of temperature and related thermal stress in the material. Because the temperature distribution dictates the stress distribution in enamel but, under sub-ablative conditions at least, the stress distribution affects neither the absorption of radiation nor the heat diffusion in the material, the thermal and stress problems can be analysed sequentially. Simultaneously solving the thermal and mechanical stress equations is not necessary.
The small water-pore (SWP) model represents a single nanometre-scale water pore embedded in mineral; it is used to assess the influence of pores at this scale on enamel's response to radiation by CO 2 and Er:YAG lasers. By varying only the pore size by a few nanometres, we can establish a relationship between pore size and the maximum temperature and stress reached in the pore for the CO 2 and Er:YAG lasers. This model also allows us to see how the laser pulse duration affects intensity of the stress transients experienced in enamel, going beyond our previous analysis of a model of enamel that did not include any details of the microstructure (Vila Verde and Ramos 2006).
The big water-pore (BWP) model includes a micrometer scale pore, thus much bigger than the pore modelled in the SWP model. The BWP model is used to simulate transient heat transfer under Er:YAG and CO 2 laser irradiation, and yields the temperature distribution in enamel at length scales of tens of micrometres. It is not necessary to run expensive transient stress simulations with the BWP model to obtain the pressure at the pore. Instead, since the relationship between pore temperature and pressure found from the SWP model is not a function of pore shape or size, we may use the same relationship to infer the magnitude of the pressure at the big water pore.
The pores in these models have a cubic shape for computational convenience. This shape is not realistic for stress calculations for pores of shapes likely to occur in enamel. We avoid the obvious difficulty by working with the pressure in the pores, not the stress in the mineral surrounding them. Whilst the mineral stress distribution around a pore will vary between pores of different shapes, the pressure of the fluid inside the pore is, to first approximation, independent of pore shape and function of the temperature only.
Our models describe sub-ablative conditions only, becoming unphysical when the pore pressure exceeds enamel's ultimate tensile strength of about 70 MPa (Denissen et al 1985) , when the pore walls may rupture and thermo-mechanical ablation may start. Strictly, this condition applies to spherical pores only (Majaron et al 1999) , but it gives a useful guideline. Thus, for most of the situations we analyse, fracture creating fragments of enamel is not expected, and we can use the ultimate tensile strength as a simple guide to behaviour. In other situations, mesoscopic fracture models will be needed, as discussed by Tsui, Harker and Stoneham in Tsui (2002/2003 ), but we shall not elaborate on this here. 
The small water-pore model
Our small water-pore model (SWP, figure 1) was developed to investigate the influence of the smaller water pores on the stress and temperature distributions during laser irradiation. In this realization, a single water pore in enamel was represented by a single cubic pore surrounded by HA on all sides. The pore widths all had characteristic dimensions of tens of nanometres.
Conceptually, the model (see figure 1 ) can be divided into three parts. The core is the region closest to the centre of the model, where the water pore is located. It is bounded by the bottom restrain layer, BRL, and the lateral restrain layer, LRL, which were added so that adequate boundary conditions could be used; their function will be discussed later. The overall model has dimensions 3.1 × 3.1 × 1.3 µm 3 . This model size allows us to draw a mesh around the pore that is sufficiently fine for accurate calculations, without making these calculations prohibitively long. We have explored the influence of different pore sizes (cubic-pore edge dimensions of 30, 70, 130 or 250 nm) on the temperature and stress distributions at the end of the laser pulse by performing a series of heat transfer and stress simulations.
The big water-pore model
The big water-pore model was used to assess the response to 10.6 µm and 2.94 µm radiation of the large water pores in enamel, under a region with very little water. The model comprises several rods, each with the cross-sectional shape given in figure 2(a), oriented relative to the laser as shown in figure 2(b), a geometry that captures the micrometre-scale rod structure of human enamel (Ten Cate 1998). The water-rich rod sheath making the boundary between each rod and its neighbours is not modelled explicitly. Our model explicitly includes a big water pore while all other areas are made of HA. We also include a BRL so as to ensure adequate boundary conditions (see figures 2 and 4). The model dimensions (23 × 23 × 35 µm 3 ) were chosen to provide a cross-sectional area large enough that its size did not significantly influence heat diffusion around the pore. The model length was chosen to be significantly larger than the average absorption depth of radiation in enamel, which is of order 10 µm at the selected wavelengths.
Since our SWP model shows that the relationship between pressure and temperature at the water pores is independent of pore size and shape, we have used this same SWP relationship to relate the pore temperature in the BWP model to the pressure in the pore. For this reason, only transient heat transfer simulations were performed with BWP model. 
Implementation of the model
Most of the details of our implementation have been described in Vila Verde et al (2004) , Vila Verde and Ramos (2005a, 2006) , Vila Verde (2005) , so we concentrate on the key issues only. For convenience, a self-sufficient description of the model and its implementation is also given as supplementary material to this paper. All simulations were performed using the commercial finite-element software Abaqus 6.5-1. We first performed the transient heat transfer simulations with the implicit algorithm available in Abaqus Standard. The initial temperature attributed to all the nodes, which was also the stress-free reference temperature, was 37
• C. Subsequently, the temperature distribution was used as input to the thermal stress analyses, performed with the Explicit algorithm available in Abaqus.
Transient heat transfer simulations.
The mineral fraction in the model was given the properties of HA, and the water/organic fraction was given the properties of pure water (see table 1 ). The temperature dependence of these properties was not included in the models, as our earlier work showed that extreme variations were not expected in the temperature ranges investigated (Vila Verde et al 2004) . The energy absorbed per unit volume as a function of depth in each finite element was calculated according to Beer's law (Niemz 1996) accounting for absorption only; scattering and reflectivity of radiation were considered negligible. The absorption coefficient, µ, of hydroxyapatite and water at λ = 2.94 µm and at λ = 10.6 µm can be found in table 1. Enamel's reflectance at these wavelengths is less than 13% (Fried et al 1996 (Fried et al , 1997 . Scattering is known to be very small at λ = 10.6 µm (Fried et al 1997) . While no experimental information was found for the 2.94 µm wavelength, scattering at this wavelength was also taken as zero because enamel's high absorption coefficient, about 800 cm −1 (Zuerlein et al 1999b , Fried et al 1998b , should reduce the effect of scattering on the shape of the enamel volume affected by Er:YAG radiation.
In all the models, the laser spot of radius 0.2 mm was centred on the pore. At these wavelengths, the optical penetration depth 1/µ enamel is about 10 µm, i.e., the laser intensity falls by a factor e over this distance. The lateral walls of the models were given adiabatic Czernuszka (1994) 
1.6× 10 −5 α yy = 4 × 10 −3 α zz = 1.6 × 10 −5 boundary conditions because simulations are only performed for tens of microseconds at the most, so lateral heat diffusion is less significant than heat diffusion along the optical axis of the laser beam. The top surfaces of the model do not allow heat exchange with the environment because simple calculations indicate that the energy lost through convection and radiation is less than 1% of that lost through conduction to the bulk of the tissue. The role of the bottom restrain layer (BRL) is primarily to replicate heat loss to the bulk of the tissue. To achieve this, the BRL was given a higher density and a lower thermal conductivity (κ) than hydroxyapatite. In this way the timescale of heat diffusion to the bulk can be mimicked effectively (Vila Verde and Ramos 2006). We have tested the efficiency of this procedure further by comparing the temperature evolutions as a function of time for models BWP and SWP with results from a model large enough that no BRL was needed for the thermal simulations. The results obtained with the BWP model closely matched those of the larger model. This is not surprising, since the length of the BWP model is comparable with the heat diffusion length for the time intervals analysed. With the SWP model, the temperature still decreases faster than it should, although not as fast as it would if the thermal conductivity of the BRL in the small water-pore model were that of hydroxyapatite. Significantly, the value of the maximum temperature reached compared well with the reference calculation. Overall, the uncertainty is estimated to be in tens of
• C, so the results are accurate enough to yield useful information.
Transient stress simulations.
The mechanical behaviour of the mineral fraction of dental enamel is reasonably well described by a linear-elastic stress-strain relationship. If mechanical anisotropy can be ignored, the only two properties needed are Young's modulus, E, and Poisson's ratio, ν. Again, the dependence of these properties with temperature was not included. The water/organic content of pores was modelled as a fluid, using an equation of state (EOS) of water, since the water content in enamel is significantly higher that its content in organic material. Other evidence (Giaya and Thompson 2002 , Liu et al 2003 , Borggreven et al 1980 strongly suggests that the water in HA pores as small as 30 × 30 × 30 nm 3 behaves like liquid bulk water. We used the EOS for liquid water derived by Lyons (1996) because of its simplicity. Our calculations will show that the water temperature and pressure at the pores are always such that the water never exceeds its boiling point: water vaporization does not occur under the simulated conditions.
As with the thermal simulations, it was necessary to impose adequate boundary conditions for the stress simulations. Simply keeping all external nodes of the models fixed is not a good option, since it does not allow lateral expansion to occur. Periodic boundary conditions are also not adequate for the same reason, since we have no way of allowing changes in the unit cell volume. We have adopted embedding boundary conditions more thoroughly discussed by us elsewhere (Vila Verde and Ramos 2005a, Vila Verde 2005) . Briefly, the approach is to give the outer elements of the model (i.e., the LRL and BRL of figure 1) different mechanical properties from the bulk, so that the centre of the model is allowed to expand in a somewhat constrained manner. In effect, the restrain layers (RLs) as a whole impose the boundary conditions to the central part of the models: by adjusting the material properties of the RLs, the centre of the model may effectively reproduce the displacement and stress fields in a micrometre-size piece of enamel which is a part of a tooth. The mechanical properties of the restrain layer must have values such that, for example, nodes in surface A of model SWP (figure 1) experience the same stress and displacement as if they were surrounded by a wider portion of enamel or dentine.
We remark that only the elastic constant E RL was modified in the transient stress simulations, and that the density of the restrain layers stayed equal to ρ HA . The acoustic impedance of the RLs is thus much smaller than the acoustic impedance of the HA, so sound waves will be reflected at the interfaces between the core of the model and the RLs. Matching the impedance of the core to the impedance of the RLs would simply cause reflections to occur at the outer surfaces of the model instead of at the above-mentioned interfaces, not a marked improvement. If necessary, one could impose a dissipative boundary condition at the RLs while matching their impedance to the impedance of the core of the model; this would minimize reflection, but be expensive computationally. Our chosen boundary conditions should prove adequate to estimate the quasi-static stress at the end of the laser pulse (the stress distribution tens of microseconds after the laser pulse, when the stress transients are no longer important), and this is supported by our results. Our choices of the boundary conditions will introduce uncertainties in stress transients, and we have been cautious in our interpretations of them.
The restrain layer must also account for the thermal expansion of the region it represents and its effect on the central part of the model. The thermal expansion coefficient of the restrain layers, α RL , was thus scaled according to the procedure described in Vila Verde and Ramos (2005a) . Only the thermal expansion coefficients along the x and y directions (α RL,xx and α RL,yy ) are scaled for the lateral restrain layer, since this layer only deals with the size reduction in these directions. For analogous reasons, only α RL,zz is scaled for the bottom restrain layer. 
Results and discussion
The effect of different pulse durations
The influence of the CO 2 pulse duration on the stress evolution was investigated using model small water-pore. The results obtained with model SWP for pulse durations 0.35 µs, 2 µs and 10 µs are given in figure 3 . The maximum pulse duration tested was limited to 10 µs laser pulses, since our previous results show that longer pulse durations would give rise to thermal diffusion outside the irradiated volume and potential damage to the pulp (Vila Verde 2005).
These results suggest that pulse durations close to 0.5 µs should induce larger stress transients, in excess of enamel's ultimate tensile stress (UTS) of 70 MPa (Denissen et al 1985) . Such transients would be sufficient to cause unwanted cracking. Pulses longer than 1-2 µs give rise to smaller transient stresses, and are unlikely to cause cracking. The characteristic pulse duration below which one expects to induce high stress transients under laser irradiation is likely to be of the order of the acoustic relaxation time, which is about 2 ns for enamel under these conditions. That pulse durations of 0.5 µs may already induce unwanted cracking is a warning against regarding the acoustic relaxation time as anything more than a rough estimate as to pulse durations to avoid high stress transients.
We have assessed the reliability of our results by comparison with our own preliminary theory results and by comparisons with experimental data from other authors. Our preliminary results (Vila Verde and Ramos 2005b) were obtained using an enamel model that did not include any details of enamel's mesostructure and was roughly one order of magnitude larger. Comparison allows us to check the issues of model size and of boundary reflections associated with the lack of dissipative boundary conditions. Our present results give maximum transient stresses about one order of magnitude higher than in the previous work, but the quasi-static stress (i.e., the stress level tens of microseconds after the laser pulse) proves similar in both preliminary and current results. This indicates that the boundary conditions used should indeed be adequate for the study of quasi-static stress. Overall, the comparisons support our conclusion that pulse durations lower than 0.5 µs should be avoided to minimize high intensity stress transients. Ablation will then take place through the effects of localized quasi-static stresses around pores, induced by heating of pore water: cracking will be limited to the irradiated site.
We could not find experimental data for stress transients in enamel for CO 2 laser pulses shorter than 1 µs, so our results cannot be compared directly with experiment. However, experimental observations made using a Q-switched (pulse duration = 150 ns) Er:YAG laser on enamel do indicate large transient stresses (Fried et al 1998a) . We note that useful comparisons could be made collating the acoustic transients and the ablation threshold of the Er:YAG and CO 2 lasers using pulses shorter than 0.5 µs with those for longer-pulse lasers (10 µs). This way one could assess whether the damage and ablation thresholds vary significantly in that pulse duration range. If the stress transients play a significant role in ablation with the shorter pulses, then significant differences in the ablation threshold must be observed between the long and short laser pulses.
The qualitative consistency between previous and current results, and between our results and experiment, suggests that the models, simplistic as they are, do give a reasonable picture of the transient response of enamel to laser irradiation that indicates guidelines as to the optimal pulse duration for ablation of enamel. We suggest that a pulse duration of 10 µs should be close to optimal for the ablation of enamel using CO 2 lasers. First, such pulses do not induce high stress transients. Secondly, such pulses ensure minimal heat diffusion outside the irradiated volume (Vila Verde and Ramos 2006), which should both reduce melting and/or cracking at the boundaries of the ablated site as well as reduce pulp heating. Although dental pulp is far from enamel, excessive pulp heating is known to occur when the tooth is irradiated with mid-infrared lasers with pulse durations of order 100 µs, and water cooling is normally used to minimize it (Attrill et al 1996, Zach and Cohen 1965) . Within our present model, we cannot definitively exclude the need for water cooling when 10 µs pulses are used. Nevertheless, our results suggest strongly that pulp heating will be much less significant for 10 µs pulses than when 100 µs pulses are used. Thirdly, such pulses should maximize the amount of material ablated per pulse. The amount of material ablated per pulse is proportional to the total energy deposited per pulse (Majaron et al 1998) , which depends on pulse duration and laser intensity. Therefore, both the pulse duration and the laser intensity should be as high as possible. The maximum intensity of the laser is limited by the onset of plasma in the plume that shields the tissue from incoming radiation .
The effect of different water-pore sizes
We now use the SWP model to establish relationships between the pore temperature and pressure as a function of pore size both for CO 2 and for Er:YAG lasers. Our results, given in table 2 for 0.35 µs pulses, indicate that the temperature and pressure at the pore vary significantly with pore size for the Er:YAG laser, but not for the CO 2 laser. The relationship between temperature and pore pressure visible in table 2 agrees very well with that derived from analytical calculations (Vila Verde and Ramos 2005c) .
A first conclusion is that the temperature-pressure relationship confirms that pore water has a role in dental enamel ablation by Er:YAG and CO 2 lasers. This relationship could not have been inferred from continuum scale models and would have been impossible to calculate with atomistic models. These differences in response of enamel to CO 2 and Er:YAG radiation arise from the differences between water and hydroxyapatite absorption coefficients, even though enamel as a whole (of which they are the main constituents) has the same absorption coefficient at the CO 2 and Er:YAG wavelengths. Several reasons underlie the variation in temperature with pore size for the Er:YAG laser: there is a larger absorption coefficient of water at this wavelength; the larger pores absorb more energy than smaller ones, and also the larger pores have smaller area-to-volume ratios and so lose heat less rapidly to their surroundings than smaller pores. Small and large pores experience the same temperature and pressure with the CO 2 laser since, at this wavelength, water and mineral have similar absorption coefficients. A second conclusion suggested by the temperature-pressure relationship is that the 10.6 µm CO 2 laser should be perfectly capable of ablating enamel at temperatures lower than the 800-1200
• C that cause melting (Zuerlein et al 1999b ) . The underlying reason is the very high pressure created in the enamel water pores by the thermal expansion of liquid water at temperatures below water's boiling point (at that pressure). Since the CO 2 laser can also be used for soft tissue ablation and cauterization, it is potentially a much more cost-effective option for laser dentistry than the more popular Er:YAG.
Thirdly, our results suggest that the CO 2 laser should provide more reproducible results than the Er:YAG laser. We anticipate CO 2 lasers should give a smaller sample-to-sample variation than Er:YAG lasers in the ablation threshold of enamel and in the size of the plume particulates. This is because the CO 2 laser causes all water pores at a given distance from the surface of the tooth to reach the temperature necessary to induce ablation simultaneously, irrespective of their size, whereas this is not so for the Er:YAG laser. The ablation threshold of enamel by free-running Er:YAG laser (with its characteristic macropulse composed of short micropulses of duration 0.5-5 µs) has indeed been shown to vary greatly between 2.5 and 20 J cm −2 (Apel et al 2002a) . Unfortunately, equivalent experiments for the CO 2 laser have not been reported.
Lastly, these results indicate that both CO 2 and Er:YAG lasers may cause unwanted cracking when used to treat the surface of enamel so that it becomes resistant to acid attacks by cariogenic bacteria, a line of treatment currently being investigated by several groups (Apel et al 2005 , Tepper et al 2004 . The temperatures (400-1000
• C) needed to achieve the intended carbonate loss (Zuerlein et al 1999a) will be more than sufficient to induce cracking through thermal expansion of pore water. Unwanted cracking has indeed been reported for enamel surface modification using the Er:YAG laser, but not for the CO 2 laser (Apel et al 2005 (Apel et al , 2002b . In using CO 2 lasers to create acid resistant surfaces, researchers often use fluences high enough to induce melting in a thin surface layer, when no cracks would be detected. Our results suggest that cracks may indeed form underneath the melted layer, and steps should be taken to check whether such cracks in fact occur.
We have used the big water-pore model to assess the differences in the response of enamel to CO 2 and Er:YAG radiation when micrometre-size pores exist. The results obtained with model big water-pore (figure 4) suggest that, if used over enamel regions containing very large pores, the Er:YAG laser may induce more severe deep cracking and with much greater probability than the CO 2 laser. Figure 4 shows results when there is a big pore located around 35 µm below the surface of enamel. This reaches the same high temperature as the very surface of enamel when the Er:YAG laser is used whereas, when the CO 2 laser is used (image not shown), the pore stays at the same temperature as its direct surroundings.
This potential effect of the Er:YAG laser is particularly troublesome because it may induce deep cracks in enamel that may go undetected because they are not visible at the surface. Such cracks could both decrease the tooth's mechanical strength and contribute to its reinfection. Experimental studies are needed to see whether such subsurface cracks are representative enough to become a problem in a clinical setting. Suitable experiments might test the relative mechanical robustness of samples irradiated with Er:YAG lasers and those treated with CO 2 lasers.
Conclusions
Our mesoscopic model gives guidelines to optimize the ablation of dental hard tissue. The results suggest that the CO 2 laser with 10 µs pulses may ablate enamel at temperatures far from its melting point. The laser pulse should not be shorter than 1 µs to avoid high stress transients and associated mechanical damage, like cracking. Nor should the pulses exceed about 10 µs to minimize heat diffusion outside the irradiated area (Vila Verde and Ramos 2006) . These results are reasonably well defined, and are contrary to commonly held views that using the CO 2 laser to ablate enamel will necessarily induce significant thermal damage, like hard tissue melting or excessive pulp heating. Published experiments have shown that a CO 2 laser with pulse durations close to 10 µs could indeed ablate enamel . Our present work indicates that 10 µs pulses are close to optimal, suggesting that Fried and Featherstone's results are not only encouraging, but close to optimal for this wavelength. Given that the CO 2 laser can also be used for soft tissue procedures, it would seem a more cost-effective option for laser dentistry than the Er:YAG laser, currently commercialized to ablate dental hard tissue. Our results also suggest that both Er:YAG and CO 2 (10.6 µm) lasers may cause cracking at sub-ablative fluences and relatively low temperatures. Thus it may not be prudent to irradiate enamel with the aim of making it more resistant to acid attacks.
Our results highlight the importance of including critical microstructural features when modelling ablation of composite ceramic materials. Such mesoscopic detail appears to be key to the successful modelling of ablation of materials such as carious enamel and dentine, composite dental fillings from a previous restoration, or bone, especially in the proximity of sensitive tissue. Mesoscopic modelling is also indispensable if we want to optimize ablation procedures of living tissues like bone or enamel for different stages in human development. Thus, laser parameters for ablation of osteoporotic bone or children's enamel are likely to be different from parameters appropriate for those materials in healthy adults. While our particular models include many details specific to enamel, developing equivalent approaches for other mesostuctured materials should be easily accomplished.
